Manipulation of the mouse genome has emerged as an important approach for studying gene function and establishing human disease models. In this study, the mouse mutants were generated through N-ethyl-N-nitrosourea (ENU)-induced mutagenesis in C57BL/6J mice. The screening for dominant mutations yielded several mice with fur color abnormalities. One of them causes a phenotype similar to that shown by dominant-white spotting (W ) allele mutants. This strain was named Wads because the homozygous mutant mice are w hite color, a nemic, d eaf, and s terile. The new mutation was mapped to 42 cM on chromosome five, where proto-oncogene c-kit resides. Sequence analysis of c-kit cDNA from Wads m/m revealed a unique T-to-C transition mutation that resulted in Phe-to-Ser substitution at amino acid 856 within a highly conserved tyrosine kinase domain. Compared with other c-kit mutants, Wads may present a novel lossof-function or hypomorphic mutation. In addition to the examination of adult phenotypes in hearing loss, anemia, and mast cell deficiency, we also detected some early developmental defects during germ cell differentiation in the testis and ovary of neonatal Wads m/m mice. Therefore, the Wads mutant may serve as a new disease model of human piebaldism, anemia, deafness, sterility, and mast cell diseases.
N -ETHYL-N-NITROSOUREA (ENU)-induced muta-
Human c-kit mutations were also identified in patients with piebaldism, mastocytosis, gastrointestinal stromal tugenesis has become a powerful tool for the study of gene functions and generation of human disease mors (GISTs), acute myeloid leukemia, and germ cell tumors (see online Mendelian Inheritance in Man, models recently (Nolan et al. 2000; Hrabe de Angelis et al. 2000; Herron et al. 2002) . The growing mouse OMIM, http:/ /www.ncbi.nlm.nih.gov/entrez/dispomim. cgi?idϭ164920). Encoded by c-kit, KIT is a type III receptor mutant archives provide a rich resource for identifying the novel disease-related genes, deciphering pathogenic tyrosine kinase that binds to stem cell factor (SCF), which is the product of the mouse Sl locus (Witter mechanisms, and developing new therapies and new drugs (Balling 2001; Brown and Hardisty 2003) . Recently, 1990) . Ligand binding activates KIT through dimerization and autophosphorylation (Heldin 1995) . The we established Ͼ40 lines of mutant mice by screening the ENU-induced dominant mutants in C57BL/6J mice phophorylated KIT then further activates downstream pathways in a variety of cell types (Price et al. 1998; (He et al. 2003) . Among them, 11 lines displayed an interesting white spotted coat. One of these lines, Wads, dis- Timokhina et al. 1998; Linnekin 1999; Hou et al. 2000) . Unfortunately, mechanisms by which the different KIT played similar phenotypes to the mouse W/c-kit strain.
Mutations at the mouse W/c-kit locus on chromosome mutations cause various diseases are largely unknown. In this study, we reported the preliminary phenotypic five can lead to pleiotropic developmental defects, including sterility, coat color abnormalities, severe macroanalysis of the Wads mouse, including hearing ability, hematopoiesis, mast cell development, and germ cell difcytic anemia, loss of interstitial cells of Cajal (ICC), and mast cell deficiency (Geissler et al. 1981; Chabot et al. ferentiation. The Wads mutation was also mapped and cloned. The novel point mutation at nucleotide 2567 of 1988; Huizinga et al. 1995; Tsujimura 1996) . A total of 76 mutant alleles at this locus have been accumulated in the c-kit cDNA results in a substitution of Phe to Ser at KIT amino acid 856 (F856S). mouse up to 1997 (see the Mouse Genome Database, http:/ /www.informatics.jax.org/searches/mlc.cgi?10603). obtained from The Jackson Laboratory (Bar Harbor, ME). Mice 1 strictly in accordance with the care and use of laboratory covered the full length were then amplified by PCR with LATaq polymerase (TaKaRa, Shiga, Japan) using the following animals (National Research Council, 1996) and the related ethical regulations of Nanjing University. The G1 generation primers: kit1-FOR, 5Ј-TCAGAGTCTAGCGCAGCCAC-3Ј; kit1-REV, 5Ј-GCCTCGTATTCAACAACCAA-3Ј; kit2-FOR, 5Ј-TGTA dominant mutant mouse (G1M485) of C57BL/6J background was generated by ENU mutagenesis (He et al. 2003) . This male  ACCGATGGAGAAAACG-3Ј; kit2-REV, 5Ј-TAAACGAGTCACG  CTTCCTT-3Ј; kit3-FOR, 5Ј-GCCCTAATGTCGGAACTGAA-3Ј;  mouse was mated to C57BL/6J females for ). Histological analysis: Skin, testes, or ovaries were dissected 18-T (TaKaRa) and sequenced (Bioasia, Shanghai, China). All sequences were confirmed by sequencing from both directions. and fixed in Bouin's fixative. They were dehydrated in rising concentrations of ethanol, embedded in paraffin, and secSingle-strand conformation polymorphism: PCR-single-strand conformation polymorphism (SSCP) analysis was performed tioned (7 m). The sections of testis and ovary were stained with hematoxylin and eosin according to standard procedures.
MATERIALS AND METHODS

Animals
as described (Strippoli et al. 2001) . Briefly, 200 bp of DNA fragment covering the Wads point mutation was amplified by Toluidine blue in sodium chloride was used to stain mast cells in skin tissues.
PCR using primers of 5Ј-GACTGCCCGTGAAGTGGAT-3Ј and 5Ј-CTTCCAGAGAGGTGGCAAAT-3Ј. The PCR product was Peripheral blood analysis: Peripheral blood was collected using a capillary tube from suborbital veins of 5-to 6-weekmixed with 10ϫ alkali denaturating buffer (NaOH, 500 mm; EDTA, 10 mm) and heated to 94Њ for 10 min and then quickly old mice. Blood cell analysis was performed with a Coulter (Hialeah, FL) STKS hematology analyzer. The parameters cooled on ice for 2 min. Samples were then mixed with loading buffer, loaded on an 8% polyacrylamide gel (39:1 acrylamide measured included white blood cell counts (WBC); red blood cell counts (RBC); hemoglobin concentration (HGB); mean to bis-acrylamide; TAE buffer; 0.2% TEMED; 0.05% ammonium persulfate 10%), and run at 90 V for ‫5.1ف‬ hr. The gel corpuscular volume (MCV, the average volume of individual RBC); mean corpuscular hemoglobin (MCH, the average was stained with 5g/ml ethidium bromide. weight of hemoglobin in a red blood cell); mean corpuscular hemoglobin concentration (MCHC, the ratio of MCH to MCV); platelet counts (PLT); and mean platelet volume (MPV, the RESULTS average volume of individual platelets). The P-values were Pigmentation defects of Wads mutants: The founder evaluated using an unpaired two-tailed t-test using Prism soft-(G1M485) of the Wads strain had a symmetrical cluster ware (GraphPad Software, San Diego) between the blood parameters of male and female mice and between wild-type mice of white coat on the midline of the abdomen and small and heterozygous or homozygous mice. all white skin and hairs but black eyes ( Figure 1C ). BeCochlear histology and immunohistochemistry: For cochcause the melanocytes are derived from neural crest lear histology, the mice were killed and temporal bones were removed from the skull and then fixed in 4% paraformaldecells (NCCs) whereas retinal pigment epithelium (RPG) hyde at 4Њ overnight. Tissues were then immersed in decalcifyarises from neural tube epithelium, the lack of funcing solution (4% EDTA in PBS) for 1 week. The paraffin sectional melanocytes suggested that the migration and/or tions were prepared and stained with hematoxylin and eosin. differentiation of the NCCs were impaired in Wads m/m For immunofluorescence, the paraffin sections were dehymice (Zhao et al. 1997) . 
Wads
m/m c-kit cDNA was cloned and sequenced. The seEnsembl Genome Browser (ENSMUSG00000005672). However, our sequence data differed from the Mus musquence data revealed a T-to-C missense transition at nucleotide 2567 in Wads m/m coding sequence that reculus c-kit cDNA sequence listed in GenBank (NM_021099), with a synonymous mutation and two missense mutasulted in a Phe(F) to Ser(S) change at amino acid 856 ( Figure 2A ). This mutation position located in the sections. We believe that our sequence data were more reliable, according to the protein sequence alignment ond protein tyrosine kinase (PTK) domain and the Phe is conserved among all the mammalian KIT proteins.
with other mammalian KITs (data not shown).
Because the coat abnormality is not available at such Combined with the phenotypic profiles, Wads may represent a loss-of-function or hypomorphic c-kit mutation an early stage of animal development, development of a reliable genotyping method for the Wads mutant is (Reith et al. 1990) .
It is also worth pointing out that our wild-type C57BL/ necessary for studying the embryonic and neonatal defects. For this reason, we developed a PCR-based SSCP 6J cDNA sequence of c-kit was consistent with that of the The matmobility through a gel (Sunnucks et al. 2000) . Primers ing test suggested both Wads m/m males and females were were designed to amplify 200 bp of genomic DNA prodinfertile because no offspring were obtained. To evaluuct covering the Wads mutant point. The DNA samples ate the function of c-kit in spermatogenesis and oogenwere denatured and then run on a cold polyacrylamide esis, we performed histological examination on testis gel. Single-strand DNA (ssDNA) samples from heterozyand ovary at different developmental stages. gotes had four different gel mobilities, consistent with
In testis, the asymmetrical cell division of gonocytes two conformations of wild-type ssDNA and two of homoproduces type A1 spermatogonia at postnatal day 6. These zygous mutant ssDNA (Figure 3) . The SSCP genotyping spermatogonia further differentiate into types A2, A3, of the newborn mice was used for our germ cell differen-A4, and intermediate spermatogonia, which then form tiation studies.
type B spermatogonia, at postnatal day 6. Type B sperLack of mast cell in Wads mutant skin: Toluidine blue matogonia are the precursors of the spermatocytes that staining was used to examine the mast cell population on will enter meiosis and finally form mature spermatozoa skin sections. Wild-type and Wads m/ϩ skins contained simiat ‫1ف‬ month (Bellvé et al. 1977) . We found no obvious difference between wild-type testis and Wads m/m testis at postnatal day 6 (Figure 4, A and B) . The seminiferous tubules of wild-type and Wads m/m testes had similar numbers of germ cells. The spermatogonia cells, intermingled with Sertoli cells, were located near the basement membrane of the seminiferous epithelium. However, fewer germ cells were in Wads m/m testis than in wild-type testis at postnatal day 8. At least two layers of germ cells along with some type B spermatogonia were present in the wild-type seminiferous epithelium ( Figure 4C ), while the Wads m/m basically had only a single layer of germ cells we also observed clusters of cells in the center of the At postnatal day 11, wild-type ovaries showed many developing follicles in the cortex ( Figure 5C ), compared seminiferous tubules. They had germ cell characteristics and it was possible that the disruption of spermatogenewith no follicle in Wads m/m ovaries ( Figure 5D ). 
, H and I). This increase of Leydig cell
Blood cell analysis of peripheral blood was performed to examine the possible defects in Wads mutant mice numbers was not caused by the reduction of the size of the seminiferous tubules but by enhanced mitotic activbecause c-kit is expressed and functions in hemopoietic progenitor cells (Ogawa et al. 1991) . As presented in ity of Leydig cells (Kissel et al. 2000) . Figure 4J ).
MPV (P Ͻ 0.5). Interestingly, the RBC counts of Wads m/m mice were significant reduced (P Ͻ 0.5), whereas the In the ovary, Kit expression is observed in oocytes from the time of birth until ovulation (Horie et al. 1991) . Inter-MCV of Wads m/m was significantly higher (P ϭ 0.0001) compared with that of wild-type and Wads m/ϩ mice. These action of Kit with KL/MGF expressed by granulosa cells is essential for follicle development (Kuroda et al. 1988) .
results indicated that Wads m/m mice were suffering from macrocytic anemia. They were also consistent with earIn newborn wild-type mouse ovaries, hematoxylin and eosin staining showed many primordial follicles ( Figure  lier reports that mutations of c-kit or kitl (encoding KIT ligand SCF) displayed a similar hemopoietic disorder 5A). However, no primordial follicles or signal naked germ cells were present ( Figure 5B) in Wads m/m ovaries. (Piao and Bernstein 1996) . The platelet counts and mean platelet volume of Wads m/m mice were also signifivascularis of homozygous Kit W mutant mice, resulting in endocochlear degeneration, endocochlear potential cantly elevated compared with that of wild type and Wads m/ϩ (P Ͻ 0.05 and P Ͻ 0.01, respectively). All blood (EP) disappearance, and hearing impairment (Cable et al. 1994 (Cable et al. , 1995 . To examine the hearing ability of parameters showed no significant difference between males and females within the same genotype. Figure 6A ; data of the Wads m/ϩ ABR pattern were not shown). However, no ABR response waves were detected in Wads m/m mutant mice 1 month after birth ( Figure 6B ), indicating that Wads-related c-kit mutation led to hearing loss. In wild-type cochlear sections, the stria vascularis (SV) was composed of three layers of cells. They were marginal cells facing the endolymphatic space, basal cells facing the spiral ligament, and intermediate cells in the middle (Figure 6, C and D ). There were also abundant blood capillaries in the SV. However, the SV of the Wads m/m cochlea was much thinner than that of wild type because of the loss of intermediate cells and defects of blood capillaries (Figure 6, E-H) . Meanwhile, the organ of Corti and hair cells were degenerated in the Wads m/m cochlea (Figure 6 , E and G). It was believed that these phenomena were the later pathological changes of the loss of intermediate cells and EP (Hoshino et al. 1999) . Moreover, the SV became more disorganized and the blood capillaries were depleted in the SV in the 1-year-old Wads m/m cochlear sections (Figure 6H) .
The gap junction system in the cochlea is critical for ion cycling, which is the underlying mechanism of the generation of EP. There are widespread gap junctions between basal cells and between basal cells and intermediate cells. These cells are coupled together as a syncytium allowing exchange of intracellular contents such as K ϩ . Connexins are gap junction proteins that are expressed in the cochlea (Lautermann et al. 1998; Figure 6, I and K) . In an immunohistological study of Wads m/m compared with the wild-type mice, the connexin 26 and connexin 30 expression is disorganized and discontinuous in SV of Wads m/m mice, suggesting the gap junctions in the base of the SV were detrimentally disrupted ( Figure 6 , J and L).
DISCUSSION
In this report we described the phenotypes and genome alternation of a new mutant strain Wads from ENU mutagenesis. Genetic mapping indicated that Wads was a novel allele of the W/c-kit locus, with a missense point mutation of c-kit proto-oncogene (Phe856Ser) in the conservative PTK domain. This mutation led to white spotting in heterozygotes and black-eyed white color, macrocytic anemia, mast cell deficiency, deafness, and sterility in homozygotes.
The c-kit gene spans Ͼ70 kb of DNA and includes 21 exons (Vandenbark et al. 1992) . The longest transcript is 5230 bp. Notably, c-kit is among those genes with the highest spontaneous mutations. Various KIT mutations have been identified in human, mouse, rat, dog, and pig, etc. (Tsujimura et al. 1991; Pielberg et al. 2002; Zemke et al. 2002) . While the actual molecular mechanism of this high mutation frequency is still not clear, it may be related to the easy accessibility of the mutagen to this chromosomal locus as well as the easy recognition of dominant coat abnormality. It is possible that the c-kit Two types of c-kit mutations have been reported in humans. Loss-of-function mutations, which often take gene is transcriptionally active in dividing germ cells; therefore the locus is in a constant "open" status. Howplace at the tyrosine kinase domains and immunoglobulin-like loops, may cause a deficiency/defect of ever, by examining the expression file of testis, c-kit is certainly not among the highest-expressing genes, almelanocyte, mast cell, germ cell, and hematogenic cells ( Figure 2A ; Spritz 1994; Fleischman et al. 1996 ; OMIM though the testis contains mixed types of cells (Su et al. 2002) . {*164920}). In contrast, gain-of-function mutations, which are located in the cytoplasmic juxtamembrane domain Kit W-19H ) or point mutation (e.g., Kit
) are homozygous lethal, while mutations with residual kinase activor catalytic domain, were identified as the cause of mastocytosis, acute myeloid leukemia, gastrointestinal stroity (e.g., Kit
) are homozygous viable (Bernstein et al. 1991) . From these studies we speculated mal tumors, and germ cell tumors ( Figure 2B ; Kitayama et al. 1996; Tsujimura 1996; Hirota et al. 1998;  that KIT of Wads m/m maintains residual kinase activity although further proof is needed. Interestingly, the Tian et al. 1999 ; OMIM {*164920}). The phenotypes of Wad m/m suggested that the F856S substitution (equal to Wads m/m mice displayed noticeable reduced prenatal or neonatal viability. Among a total of 207 mice from a F858S in human KIT) is a loss-of-function or hypomorphic mutation (Figure 2A) . heterozygous intercrossing breed, only 12 of them were homozygotes, 4 of which died within 10 weeks after Previous studies showed that the level of KIT kinase activity and the severity of the phenotypic expression birth. In contrast with testis, the ovary lacks primordial folliGenet. 24: 157-162.
cles in newborn Kit Wads homozygous females, and this
